Background. Melanesia is endemic for human T lymphotropic virus type 1 (HTLV-1) subtype C. In 2005, we identified 4 infected women from Ambae Island, Vanuatu. Subsequently, 4247 Ni-Vanuatu originating from 18 islands were enrolled to define HTLV-1 epidemiological determinants and to characterize the viral strains molecularly.
but is probably linked to a founder effect in certain groups followed by persistence of a high viral transmission due to favorable local environmental and cultural situations.
HTLV-1 possesses remarkable genetic stability, and the few nucleotide substitution observed among viral strains are specific to the geographic origin of the patient rather than the pathology [12] [13] [14] . Indeed, 4 major geographic subtypes (genotypes) have been reported [12, 13, 15, 16] : cosmopolitan HTLV-1 subtype A, Central African subtype B, Melanesian subtype C, and subtype D, which is present in Central Africa, especially in Pygmies. The limited horizontal transmission of HTLV-1 and its clustering in certain ethnic/geographic foci have encouraged the use of its very low degree of in vivo genetic drift as a mean of studying the origin and modes of dissemination of this retrovirus as well as the movements of ancient infected populations [13, 17] .
In Melanesia, previous studies have shown that HTLV-1 is endemic in few remote ancient populations from Papua New Guinea (PNG), especially the Hagahai people [18] [19] [20] ; inhabitants of the Solomon Islands [20] [21] [22] [23] ; and in some Australian aborigines [24] [25] [26] . The genetic characterization of the very few available strains from these Melanesian populations have indicated that such HTLV-1 strains are the most divergent ones, exhibiting from 7% to 10% divergence at the nucleotide level with the classic cosmopolitan prototype in the env gene and the long terminal repeat regions [17, 18, 27, 28] . In a recent preliminary study, we demonstrated the presence of HTLV-1 subtype C strains in 4 women from Vanuatu, a very large western Pacific archipelago that is inhabited mainly by Melanesian persons [29] . However, this study was performed in only a small series of women, all originating from the remote and small island of Ambae.
The main purposes of the present cross-sectional study were (1) to assess the overall HTLV-1 seroprevalence in a large series of samples obtained from inhabitants representative of the 6 Vanuatu provinces, using stringent serological and molecular criteria; (2) to study the main epidemiological determinants (age, sex, geographic distribution, intrafamilial transmission, etc.) of HTLV-1-infected subjects; and (3) to characterize the genetic diversity of HTLV-1 strains to gain new insights into the origin and mode of dissemination of this retrovirus and of their human hosts in the general context of Melanesia.
SUBJECTS, MATERIALS, AND METHODS
Geographic data, demographic data, and studied population. Vanuatu is located in the western Pacific and is part of Melanesia (figure 1). The Vanuatu archipelago contains 180 islands and runs roughly north-south in a Y-shaped chain that spans nearly 1100 km. The current estimated population is 215,541, with ∼41% of inhabitants !15 years of age. Indigenous Melanesians, called "Ni-Vanuatu," constitute 98% of the population. Data collection. Written informed consent was obtained from all individuals who participated in the study. Ethnographic, demographic, and clinical data were obtained by interviews conducted in English or in Melanesian pidgin. Data were collected onto a standardized form with limited information regarding age, sex, birth and living places, date and place of blood collection, and blood transfusion history. The mothers of children were questioned about the duration of breast-feeding. Concerning the intrafamilial transmission study, the name, age, and sex of the relatives (spouse or husband as well as children, brothers, and/or sisters) of the index case patients were required, and information on familial relationships was obtained on the basis of interviews.
HTLV-1 serologic analysis. Blood samples (5 mL; obtained by venipuncture) were transferred to the Institut Pasteur de Nouvelle-Calédonie, where plasma and buffy coats were isolated, frozen, and stored (at Ϫ80ЊC) until HTLV screening. All plasma samples were screened for HTLV-1/2 antibodies by a particle agglutination (PA) technique (Serodia; Fujirebio) and by an indirect immunofluorescence assay (IFA) using the HTLV-1-and HTLV-2-transformed human T cell lines MT2 and C19, respectively [30] . All samples that were positive or borderline by PA and IFA were further tested by a confirmatory Western blot (WB) assay (HTLV Blot; version 2.4; MP Diagnostics). A sample with reactivity to the 2 Gag proteins (p19 and p24) and both env-encoded glycoproteins (the HTLV-1 recombinant gp46-I peptide [MTA-1] and the HTLV-1/HTLV-2 recombinant GD21 [rGD21] protein) was considered to be positive for HTLV-1 antibodies. Plasma samples were considered to be negative when they exhibited no band and to be indeterminate when they were partially reactive [31, 32] . The variability or heterogeneity of HTLV-1 seroprevalence among the various islands was tested using the Proc GLM procedure of SAS (version 8.2; SAS Institute).
HTLV molecular screening. High-molecular-weight DNA was extracted from peripheral blood buffy coats by use of the QIAamp DNA Blood Mini Kit (Qiagen). All samples were determined to contain amplifiable DNA after being tested by polymerase chain reaction (PCR) with the human b-globin primers PCO3 and PCO4 [30] . One microgram of each DNA sample was then tested by seminested PCR to obtain a 522-bp region of the env gene, as described elsewhere [33] . In 4 cases, a fragment of 1389 bp of the env gene was also amplified. To Figure 1 . Map of the Vanuatu archipelago showing the distribution of human T lymphotropic virus type 1 (HTLV-1) seroprevalence according to the different provinces. The 6 administrative divisions studied were Torba Province, composed mainly of the Torres and Banks islands; Sanma Province, composed of the Esperitu Santo and Malo islands; Penama Province, composed of the Pentecôte, Ambae, and Maewo islands; Malampa Province, composed of the Malekula, Ambrym, and Paama islands; Shefa Province, composed mainly of the Shepherds and Efate islands; and Tafea Province, composed of the Tanna, Erromango, and Aneityum islands. The data given in the figure indicate, for each geographical area, the no. of individuals tested, the sex and mean age of the studied population, and the no. of HTLV-1-seropositive samples (as confirmed by specific Western blot).
prevent false-positive reactions, all pre-and post-PCR operations were done in separate facilities. The amplified products of the appropriate size were cloned, sequenced, and phylogenetically analyzed.
Phylogenetic and molecular-clock analyses. Phylogenetic trees were generated from multiple alignments of the env region on 522-bp and 1389-bp fragments using, respectively, 168 primate T lymphotropic virus type 1 sequences (global analysis) and 57 HTLV-1 sequences (molecular-clock analysis). These included the 41 sequences from the Ni-Vanuatu and most of those available in GenBank. The sequences were aligned by use of the DAMBE program (version 4.2.13) [34] . No gaps were observed. Absence of saturation of the alignment was confirmed by 2 methods: likelihood mapping (model TN93; nonuniform substitution) with TreePuzzle software (version 5.2) and the test of Xia and Xie [34] for measurement of substitution saturation using the DAMBE program. The final alignment was submitted to the Modeltest program (version 3.6) to select, according to the Akaike information criterion, the best model to apply to phylogenetic analyses. These parameters were used in the PAUP program (version 4.0b10) to infer trees according to the neighbor-joining method. To test the robustness of the tree topologies, 1000 bootstrap replicates were performed.
For the molecular-clock analysis, we tested a strict molecular-clock hypothesis, using the general time-reversible (GTR) substitution model (g plus invariant sites) of 8 g categories. We used BEAST software [35] with the default values except for the population size, considered to be a constant value of 50,000 (lower value, 0; upper value, 100,000,000). The chain length from Markov chain Monte Carlo analysis was 20 million. GenBank. GenBank accession numbers were EF061850-EF061886 and AY549882.
RESULTS
Endemicity of HTLV-1 in the Ni-Vanuatu population with ongoing viral transmission. The general population-based study included 4247 Ni-Vanuatu (1074 males and 3173 females; age range, 5-96 years; mean age, 45 years; median age, 43 years) originating from 18 islands. This included 391 women from our preliminary study [29] . Such a survey represented ∼2% of the whole population of the country and nearly 6% of the elder inhabitants (165 years). Persons originating from the 6 provinces were included (figure 1).
Of the 4247 Ni-Vanuatu plasma samples tested, 656 (14.8%) were considered to be positive or indeterminate by IFA on MT2 cells, and 622 (14.1%) were considered to be positive or indeterminate by IFA on C19 cells. In contrast, only 67 samples (1.6%) showed a positive reaction by PA. Then, all 762 (17.2%) positive or indeterminate samples detected by 1 or both of these screening tests were further tested by a confirmatory WB assay. Of them, 24 (including the 4 from the preliminary study) exhibited a complete HTLV-1 pattern, with antibody reactivities directed against p19/p24/rGD21/MTA-1. Two samples had the same WB pattern but no reactivity against the MTA-1 peptide and were thus considered to be HTLV positive but untypeable. Other samples exhibited either no reactivity ( ) or were n p 214 partially reactive with various indeterminate WB profiles (n p 522). The 26 plasma samples found to be HTLV-1/HTLV positive by WB had higher MT2 (HTLV-1) IFA titers than C19 (HTLV-2) IFA titers and also had high PA titers, except for a few cases (table 1) .
These 26 plasma samples originated from 6 men and 20 women with a mean age of 46.8 years (median, 45 years). The overall HTLV-1 seroprevalence was 0.62% and increased with age, ranging from 0.49% in people р40 years old to 0.72% in individuals у41 years old (figure 2A). There was no significant difference between men (0.56%) and women (0.64%). Moreover, as seen in figure 1 , there was a significant geographic heterogeneity of HTLV-1 seroprevalence ( ), ranging Ϫ4 P ! 1 ϫ 10 from 0% in the provinces of Torba and Malampa to 0.09% (1/ 1073), 0.59% (8/1356), 1.18% (3/254), and 1.93% (14/727) in the provinces of Shefa, Penama, Tafea, and Sanma, respectively.
To investigate HTLV-1 familial transmission, we conducted a survey in 8 families with at least 1 HTLV-1-positive person ( figure 3 ). Four couples with both man and woman infected were present in such families (2 of them are shown in figure 3 ). Thus, a total of 43 persons, including the 26 persons detected during the population-based study and the 17 individuals identified during the family-based study, were found to be HTLV-1 infected. Interestingly, none of these 43 Ni-Vanuatu presented with any patent clinical symptoms of ATL or TSP/HAM. None of them had received a blood transfusion.
Presence of specific molecular variants of the subtype C in Ni-Vanuatu. The presence of HTLV provirus was investigated in the amplifiable DNAs of 77 individuals. They correspond to 38 persons with an HTLV-1 WB profile (including the 4 from the preliminary report [29] ) and the 3 with an untypeable HTLV WB profile (table 1) as well as 24 persons with an indeterminate WB profile and 12 with a negative HTLV WB profile. DNA was not available for 2 of the 43 HTLV-1-infected individuals. A positive seminested PCR result was obtained in the 41 DNA samples originating from HTLV-seropositive individuals and in none of the 36 others. All of the PCR products were purified, cloned, and sequenced.
A comparison of the aligned 522-bp fragments indicated neither deletion nor insertion in comparison with the HTLV-1 ATK-1 reference strain. Comparison of the new HTLV-1 strains between themselves indicated that they were closely related to each other (range of nucleotide similarity, 95.9%-100%). They were quite divergent (range, 89.9%-94.2%) from the strains of the molecular subtypes A, B, or D, but they exhibited a great similarity with the few other available Melanesian strains (range, 96.3%-99.4%). Moreover, these new NiVanuatu HTLV-1 strains were more closely related to those from the Solomon Islands (range, 98.1%-99.4%) than to those from PNG (range, 96.3%-97.3%) or Australia (range, 97.5%-98.3%).
All infected members of the same family harbored nearly identical strains. Sequence homology for the 3 members of family TA149 was 99.6%, and sequence homology for the 6 members of family TA139 was 98.9%. For 3 infected couples, we observed identical env sequences between husbands and wives, whereas, for another couple, only 1 base difference was observed. Last, there was no clear evidence of specific HTLV-1 geographic clustering according to the island of origin of the infected persons.
HTLV-1 strains from Ni-Vanuatu and Solomon Islanders share an ancient common ancestor. Because tree-building al- Demographic, geographic, and serologic data for 43 human T lymphotropic virus type 1 (HTLV-1)- habitants as well as the only strain from an Australian aborigine. Furthermore, analysis of the tree performed only with the Melanesians strains showed a "star-like tree" for the HTLV-1 from both the Ni-Vanuatu and Solomon Islanders, strongly suggesting a common origin for these strains, with a possible founder effect (figure 5).
To evaluate the time divergence of this subgroup, a specific tree was built on the basis of a 1389-bp fragment of the env gene, including 4 new strains from Ni-Vanuatu and the only other 3 HTLV-1 subtype C strains (MEL1, MEL5, and MSHR-1) for which such a large fragment was available (figure 6). Interestingly, the Vanuatu and the Solomon Island strains were Figure 4 . Phylogenetic tree generated with the neighbor-joining method, performed in the PAUP program (version 4.0b10) on a 519-bp fragment of the env gene using 168 available primate T lymphotropic virus type 1 (PTLV-1) sequences. The PTLV-1 strains, including the 37 novel human T lymphotropic virus type 1 (HTLV-1) sequences generated in the present study and the 4 HTLV-1 sequences characterized in a preliminary study [29] , were aligned using the DAMBE program (version 4.2.13) [34] . The final alignment was submitted to the Modeltest program (version 3.6) to select, according to the Akaike information criterion, the best model to apply to phylogenetic analyses. The selected model was the Tamura Nei. Bootstrap values (1000 replicates) are indicated on the branches of the tree. The branch lengths are drawn to scale, with the bar indicating 0.1 nucleotide substitutions/site.
found to be closely related and to form a unique subgroup within HTLV-1 subtype C, with a bootstrap value of 99%. Molecular-clock analysis was performed using a constant rate of evolution of the third nucleotide codon on an alignment previously obtained using the GTR substitution model implemented with BEAST software from the University of Oxford [35] . The clock was calibrated as described elsewhere [37] . The evolutionary rate was nucleotides/site/year. The anal-
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1.4 ϫ 10 ysis was appropriate, given that the effective sample size for each taxa was high and the calculated divergence of the HTLV-1 subtype C group was 47.7 thousand years ago (KYA) (SD, 0.5 KYA), a result consistent with the calibration time imposed (50 KYA; SD, 10 KYA). On the basis of such an analysis, it is estimated that the subgroup of interest comprising the 4 Vanuatu strains and the only one available from the Solomon Islands emerged from a common ancestor 10.8 KYA (SD, 0.2 KYA).
DISCUSSION
HTLV-1 is not a ubiquitous virus, and one of its main epidemiological characteristics is the existence of highly endemic clusters located near regions with low levels of-or the absence of-such retroviral infections [10, 11, 38] . Melanesia is considered to be one of these endemic foci for HTLV-1 and its associated diseases. However, such an assumption is based on relatively few data, compared with the situation for Japan, the Caribbean area, and South America [10, 11, 38] . In fact, regarding Australia, only few sporadic cases of HTLV-1 infection or its associated diseases (e.g., ATL) have been reported [24- Figure 5 . Phylogenetic tree generated with the neighbor-joining method, performed in the PAUP program (version 4.0b10) on a 519-bp fragment of the env gene using the 12 human T lymphotropic virus type 1 (HTLV-1) subtype C Melanesian sequences available in GenBank and 37 Ni-Vanuatu sequences generated in the present study plus 4 sequences obtained during a preliminary study [29] . The ATK-1 prototype strain was used as an outgroup. The 54 strains were aligned using the DAMBE program (version 4.2.13). The final alignment was submitted to the Modeltest program (version 3.6) to select, according to the Akaike information criterion, the best model to apply to phylogenetic analyses. The selected model was the general time-reversible substitution model (g plus invariant sites). Bootstrap values (1000 replicates) are indicated on the branches of the tree. The branch lengths are drawn to scale, with the bar indicating 0.01 nucleotide substitutions/site. 26, 39] , but no data are available on the global distribution and the main epidemiological features of HTLV-1 infection in the important and very scattered and diverse aboriginal populations. In PNG and Irian Jaya, most of the studies of HTLV-1 have demonstrated the existence of numerous HTLV-1-like indeterminate seroreactivities of as-yet-unknown origin [40] [41] [42] . However, in only very few samples originating from the remote Hagahai population has HTLV-1 infection been strongly suggested by strict serological WB analysis and, later on, confirmed by molecular results [18, 20, 23] . Concerning the Solomon Islands, the best study, performed on 851 samples from hospitalized patients in Guadalcanal hospitals, found 19 persons (2.2%) to be HTLV-1 seropositive by WB, but nearly half of them were seronegative by IFA on HTLV-1-producing MT2 cells [21] . Confirmation of HTLV-1 infection was, however, reported later on for 9 Solomon Islanders, including a patient with TSP/HAM [20, 22, 23] .
Following our preliminary study, which was based on only 4 women from Ambae Island, we provide here a clear demonstration that Melanesian inhabitants of the Vanuatu archipelago constitute a population endemic for HTLV-1 infection. This finding is based on strict serological criteria (IFA and PA titers and WB) and molecular analysis (PCR and sequencing). Moreover, this survey, which constitutes the most extensive one realized for HTLV-1 in the whole of Oceania, was performed on a large series of samples from inhabitants of 18 islands from the 6 Vanuatu provinces. Interestingly enough, HTLV-1 intrafamilial transmission was strongly suggested by familial clustering and was further demonstrated by molecular analyses showing nearly identical env viral sequences within members of a given family.
The question as to why HTLV-1 prevalence remains low (0.5%-1% in adults) in some areas of endemicity in the western Pacific (such as Vanuatu) while infection rates can reach 115% Figure 6 . Phylogenetic tree generated with the neighbor-joining method, performed in the PAUP program (version 4.0b10) on a 1388-bp fragment of the env gene using 7 available human T lymphotropic virus type 1 (HTLV-1) subtype C sequences and 50 HTLV-1 subtype A, B, D, and G strains [36] . The strains were aligned using the DAMBE program (version 4.2.13). The final alignment was submitted to the Modeltest program (version 3.6) to select, according to the Akaike information criterion, the best model to apply to phylogenetic analyses. The selected model was the general timereversible substitution model (g plus invariant sites). Bootstrap values (1000 replicates) are indicated on the branches of the tree. The branch lengths are drawn to scale, with the bar indicating 0.01 nucleotide substitutions/site. in other regions (such as southern Japan [38] ) remains open. In fact, this recalls similar situations observed in South America (isolates from persons of African ancestry in French Guyana and Colombia [43, 44] ) and Central Africa (southeastern Gabon [45] ), with very high HTLV-1 endemic foci located near regions in which HTLV-1 infection rates are more widespread and uniform and are generally lower [10, 32, 46] . The reasons for such striking differences in infection rates are unknown. This raises the possibility of the existence of yet-to-be-discovered specific risk factors for viral acquisition and/or maintenance of ongoing transmission in a specific cultural or environmental situation.
In the present study, we demonstrated by PCR analysis the presence of HTLV-1 genome in peripheral blood DNA from all of the 41 HTLV-1-seropositive persons tested. Interestingly, sequence analyses clearly showed that all of these Ni-Vanuatu were infected by HTLV-1 strains of the divergent molecular subtype C. As noted above, this rare viral genotype has been reported in only a few individuals of Melanesian ancestry, including inhabitants of PNG (3 cases), the Solomon Islands (9 cases), and Australia (1 case). We further believe that the HTLV-1 variants reported here should be representative of the strains present in the whole Ni-Vanuatu population, because we indeed found related HTLV-1 strains in areas quite geographically distant from each other.
The findings of closely related HTLV-1 strains in Ni-Vanuatu and Solomon Islanders is striking and raises questions concerning the peopling processes of these 2 archipelagos in ancient times. Indeed, besides a few "outlier" populations on the Solomon Islands (the islands of Bellona and Rennell) and on the island of Futuna, located at the east edge of the Vanuatu archipelago, both territories are mainly inhabited by populations of Melanesian origin [47] . However, there is a fundamental difference in the population dynamics of the 2 regions. Although the initial peopling of most of the Solomon Islands dates back to the Paleolithic period (∼30 KYA), like that of PNG, recent data indicate that the Vanuatu archipelago was peopled much later, during the Neolithic period (3-4 KYA) and concomitantly with the arrival of the Lapita culture [48] . In view of available paleoanthropological and virological evidence, it is tempting to hypothesize the following scenario to explain our observations: First, a common ancestor of the present-day HTLV-1 strains from Solomon Islanders and Ni-Vanuatu existed in some proto-Melanesians inhabiting the Solomon Islands at least 10 KYA. Second, human migrations of people originating from the Solomon Islands led to the initial settling of the Vanuatu; this started a few millennia ago and brought the "ancestors" of the currently observed HTLV-1 strains into some Vanuatu areas. Third, these initial ancestral migrations were followed by slow and gradual dissemination of the HTLV-1-infected individuals along the entire Vanuatu archipelago during the last 3-4 millennia. Such a simultaneous dispersion of the viruses and their hosts may be responsible, in part, for the relatively high diversity of the HTLV-1 strains currently observed on different Vanuatu islands.
In view of this, population genetics studies of human host diversity in the Vanuatu region are now needed to shed light onto the peopling processes of the archipelago. Thus, studies of genetic variation in the maternally inherited mitochondrial DNA, in the paternally inherited Y chromosome, or in autosomal regions would be highly informative to challenge our proposed hypothesis among other possible scenarios (very recent migrations of infected individuals, different waves of migrations, occurrence of a bottleneck, etc.). Indeed, future studies combining viral phylogeny (including HTLV-1 but also other viruses, such as human herpesvirus-8) and human population genetics [49, 50] in different Melanesian populations will permit us to not only gain new insights into the origin, evolution, and modes of dissemination of this peculiar human retrovirus but also to open new doors regarding knowledge of the migration of their human hosts.
